Microgels are intra-molecular crosslinked macromolecules that can be used as vehicles to deliver and release drugs at the point-of-need in the patient's body. Here, gelatin microgels were formed from microfluidics droplets, stabilised by aldehydes and frozen into a spheroidal shape. Microgel morphology and response to external stimuli were characterised. It was found that the behaviour of the spheroidal microgels was sensitive to both pH and ionic strength and that the distribution of charges into the microgels affected the behaviour of swelling and uptake. The uptake of molecules such as Rhodamine B and Methylene Blue were investigated as a model for drug uptake/release mechanisms. Under physiological conditions, the uptake of Rhodamine was rapid and a uniform distribution of the fluorescent molecules was recorded inside the microgels. However, the mechanism of release became slower at lower pH, which mimics the stomach environment. Under physiological conditions, Methylene Blue release occurred faster than for Rhodamine. Anionic and neutral molecules were also tested. In conclusion, the dependence of uptake and release of model drugs on basic/acid conditions shows that microgels could be used for targeted drug delivery. Different shaped microgels, such as spheres, spheroids, and rods, could be useful in tissue engineering or during vascularisation.
Microgels, which constitute a new form of polymer, are structures with intra-molecular crosslinked macromolecules [1] [2] [3] . Over the years, microgels have gained a reputation as an intriguing class of polymeric materials; that is, they exhibit exceptional properties in regard to loading and releasing applications [4] [5] [6] [7] . These properties derive from the unique combination of their colloidal nature (e.g. colloidal stability, high surface area, facile synthesis and control over particle size) with the inherent features of macroscopic hydrogels, i.e. their internal network structure (e.g. structural integrity in combination with fluid-like transport characteristics) and characterised by parameters such as mesh size, polymer volume fraction or interaction with embedded functional compounds. To date, the ability to control these factors by the application of external triggers represents the underlying concept of stimuli-responsive microgels 8, 9 . Methods of microgel preparation are widely documented and range from solution bulk protocols 10 , intended as the formation and stabilisation in an emulsion, to the most recent based on microfluidics 11 , which enables a deep control on the dimensions and shape of the microgels as well as on their composition. In fact, special attention also has been given to the shape of microgels. The possibility to shape microgels with high control enables a wide variety of applications related to self-assembly. Assembling heterogeneous and homogeneous architectures from crosslinked microgel building blocks is in great demand in various applications, particularly in tissue engineering 12 for mimicking biological functions and in the production of novel materials with engineered properties 13 .
Another intriguing aspect of these highly controllable processes refers to the fabrication of spherical and spheroidal microgels with anisotropic properties 14 . Indeed, anisotropic, injectable microgels could mimic local extracellular matrix architectures that cells encounter in complex tissues and could be extremely interesting for tissue engineering as well as for drug delivery.
Anisotropic hybrid microgels have been prepared using anisotropic particles as seeds for the later synthesis of responsive shells. Janus dumbbells 15 or hematite and magnetite spindles 16, 17 are some of the templates reported in the literature. Indeed, the design of non-spherical colloids makes them interesting candidates for self-assembly processes. Ideally, the key requirement towards complex assembled structures with desirable properties is the accurate engineering of colloidal particles. To qualify as suitable building blocks with anisotropy in shape and interactions, they need to be highly monodisperse in size and highly uniform in anisotropy. Finalised to biological applications, the preparation of the microgels starting from native biological raw materials (proteins, carbohydrates) resembles a crucial step for the advances in this field 18 . Indeed, thoroughly analysing the state of the art, many applications based on artificial materials or native mixed with non-native can be found 19, 20 .
Starting from that, we intend to fabricate microgels from native proteins, such as gelatin, with controlled shape and composition and characterise them when stimulated by sudden variations of the environmental conditions to mimic in vivo mechanisms. The variation of pH will simulate the mechanisms inside the intestinal tract or during digestion. To date, this will represent an optimal model to be pursued to design new suitable materials compatible with living organisms and useful for drug delivery applications.
Experimental
Materials. Gelatin (Dynamic viscosity: 1.5-6.0 mPa, bloom 300), Rhodamine B (Mw ∼479.02 g/mol), and glutaraldehyde (50%) were purchased from Sigma-Aldrich. Gelatin was used without further purification and prepared as a 15% wt solution at 50 °C. A three-stage Millipore Milli-Q plus 185 purification system with a resistivity higher than 18.2 MΩ was used.
Fabrication of the microdroplet generator and microgels. The fabrication of the microgels in the microfluidic environment was reported elsewhere [21] [22] [23] . Briefly, the microfluidic chip had three inlets (ESI Fig. 1a ) and the main channel had a T-junction for the generation of gelatin droplets. After 20 mm from the junction, the main channel broadened and connected to a fluidic element named shuffling [21] [22] [23] , which, in turn, was connected to another inlet by a side channel. The width of the shuffling element was 200 μm; at the outlet of the shuffling element, the channel width was 100 μm. At the shuffling element, the droplets made by gelatin and the stream of crosslinker (1% in aqueous solution) mixed and the microgels spheroidal particles were formed. The gelatin was pre-loaded inside a reservoir.
For the experiments, the flow rate was controlled by high sensitivity pumps (Nemesys apparatus) and for the fluidic setup, glass syringes (1 mL and 2.5 mL) and PTFE tubing (0.8 mm ID) were used. The microfluidic device was housed vertically on an inverted microscope and the microgels were collected inside a Petri dish (ESI Fig. 1b ). The flow stream was observed by the external camera and the inverted microscope worked for observing the microgels at the exit of the channel. Finally, polyimide mats connected to a power supply were used to heat the system up to 40 ± 5 °C.
Several flow rates were investigated before settling the operational conditions. After the trial investigation, the experiments were carried on at 0.8 μL/min: 1.5 μL/min: 1 μL/min for the system gel: oil: glutaraldehyde. To visualise the streams inside the channel, blue and red natural colours were used (ESI Fig. 1c ).
The microgels were collected at the exit of the main channel (ESI Fig. 1c ) and stored in acetone, which was also used for removing the residual oil coating the surface of the microgels.
Characterisation of the microgels. SEM sample preparation. Scanning electron microscopy (SEM) was performed with a Zeiss Sigma apparatus (Zeiss, Italy) and TESCAN Vega3 (TESCAN, China). For both investigations, the samples were sputtered with gold for 2 min. To analyse the structure, the microgel particles were washed with acetone at least five times and then dried. The microgel section was obtained by cutting the particle with a surgical blade. The investigations were done using an Extra-High Tension (EHT) = 16 kV.
Ionic strength and pH on the size and permeability. To explore microgel behaviour in response to different external stimuli, the microgels first were extracted by acetone and incubated in deionised water. After stabilisation in water, the microgel samples were added to NaCl solutions ranging in concentration from 0.25 M to 1 M. An analogous protocol was followed for studying response to pH change. In particular, HCl and buffered solutions were used to set the pH range of the microgels.
For both ionic-and pH-conditioned solutions, the analysis was done by controlling and recording the weight of the samples as well as the characteristic dimensions. The latter set of data was obtained by observing the samples at set timeframes by inverted microscope (Olympus, Italy) and analysing the images with ImageJ software.
Zeta potential. The zeta potential of the microgels was measured by varying the pH in the Zetasizer (Malvern, China available at The Key Laboratory of Space Applied Physics and Chemistry, Northwestern Polytechnical University, Xi'an). About 3 mL of the suspension (1 mg/mL) was added to a cuvette and adjusted to pH values in the range from 2-10 using HCl and NaOH. The suspension was equilibrated for 4 min at 25 °C. The measurement was performed with three runs, with each run consisting of 10 single measurements.
Uptake and release. The uptake of Rhodamine B was achieved by incubating the microgels for 10 h in a solution with 0.1 mg/mL. The gelatin microgels were loaded with Rhodamine B in buffer solution pH 7.4 at 37 °C, while the release was carried at pH 7.4 and pH 6.7. In both cases, they were rinsed in water three times to remove excess fluorescent tag. Spectrometer combined with an optical investigation (Olympus inverted microscope) was used to estimate the release. After each washing step, the supernatant was withdrawn from the samples; in turn, fresh buffer was added for the new interval of incubation. The absorbance of Rhodamine B at λ = 540 nm was recorded to determine the calibration curve of the absorbance spectrum. Following, the released amount was calculated for each measurement with concentrations extrapolated by the Rhodamine calibration curve.
For estimating the mechanism of release of Methylene Blue (MB) the microgels were incubated with MB solution (12 μM, pH 7.4) for 24 h. To measure the mechanism of release, the microgels were washed and then incubated in buffer at pH 7.4 for 30 h. After each washing step, the supernatant was withdrawn from the samples; in turn, the same volume of fresh buffer was added for the new interval of incubation. During the time of the experiment, the absorbance of MB in buffer was measured using a spectrometer (Ocean Optics HR4000, China) at a wavelength of 580 nm. The amount of MB was determined from the calibration curves from the readout of the solution at several dilutions. The absorbance of the samples at different times of incubation provided the amount of the MB released at the sampling time.
Uptake/release mechanisms of Fluorescein and Indocyanine Green were studied as well. For estimating the mechanism of release of Fluorescein (332.1 g/mol) and Indocyanine Green (774 g/mol), the microgels were incubated with the dye solutions (10 −4 g/mL μM) for 24 h. To measure the mechanism of release, the microgels were washed and then incubated in buffer at pH 7.4 and 6.7 for 30 h. After each washing step, the supernatant was withdrawn from the samples; in turn, the same volume of fresh buffer was added for the new interval of incubation. During the time of the experiment, the absorbance of Fluorescein and Indocyanine Green in buffer was measured at a wavelength of 490 nm and 680 nm, respectively. The amount of dyes was determined from the calibration curves from the readout of the solution at several dilutions. The absorbance of the samples at different times of incubation provided the amount of the dyes released at the sampling time. It worth observing that an absorption and fluorescence properties of Fluorescein depends on the pH of the solution 24 ; to date, before the measurements, the pH was adjusted with NH 3 . The calibration curve was built under the same conditions.
Results and Discussion
Microgel morphology. The microgel fabrication design had the aim to collect spheroidal particles. In fact, anisotropic and non-spherical microgels could influence the response of biological systems (i.e. cells) 25 .
After fabrication, the stabilised microgels were collected at the exit of the microfluidic channel, washed and finally stored at room temperature in acetone for several days (Fig. 1a) . The size distribution, as derived by the analysis of the microscope images, is shown in Fig. 1b and c according to the microgel diameter and length. The diameter distribution had a maximum at μ = 80 ± 2.5 μm and an average size of 60 ± 8.9 μm; besides, the length distribution had a maximum at μ = 200 ± 10.1 μm and an average size 180 ± 9.3 μm.
Following, the microstructure of the microgels was analysed. Despite several washings with acetone, scanning electron micrographs of the microgels did not show surface defects or collapses (Fig. 1d ). The internal structure of the microgels was detected to be nonporous and homogenous (Fig. 1e) ; while a tiny percentage of microgels (<10%) displayed a significant porosity (Fig. 1f) . Nonetheless, the observed porosity was not well structured or interconnected. In fact, some instabilities recorded during the fabrication process could have caused the porosity of the microgels, such as the air bubbles trapped inside the gelatin.
Ionic strength. Several overlapping chemical -physics mechanisms can influence the microgel behaviour and properties. An essential behaviour of microgels is swelling/shrinking in aqueous/dry environments in response to external stimuli 26 . Here, the microgels were suspended in water and the swelling was measured by recording the dimensional variations ( Fig. 2a ). After three days, the diameter was measured to be about 110.4 ± 8.4 μm and the moderate mechanism of water uptake was explained as the consequence of the scarce porosity of the microgels, according to the results discussed above. However, other intrinsic properties can motivate this behaviour as well. The mechanisms of capturing and trapping water and aqueous solutions was studied as an effect of the zwitterionic behaviour of the gelatin. The gelatin is a protein and its isoionic point has been recorded at pH 5. To date, the role of pH in affecting the absorption of aqueous solutions is a crucial argument to be understood.
Two microgel samples were suspended in aqueous solutions at pH 7.4 (pH > pI) and pH 5 (pH = pI). At the end of the incubation time, the two samples displayed different diameters: 120 μm for microgels stabilised at pH 7.4 and 85 μm for microgels stabilised at pH = pI. Then, the microgels were dried for seven days at room temperature and their weight was recorded. The samples were re-suspended in aqueous solutions and the pH adjusted to 7.4 and 5, respectively. After three days, from dry to swelling equilibrium, the weight of the microgels suspended at pH 7.4 increased from 140 μg to 360 μg, whereas the weight of the microgels suspended at pH 5 increased from 140 μg to 230 μg. To date, the swelling capability of the microgels resulted increased at pH higher than pI.
The charge of the crosslinked microgels was investigated by measuring the zeta potential (ζ) according to the pH. It was recorded that the zeta potential of the microgels swollen in a buffer at pH 7.4 resulted in ζ = −13.2 ± 0.5 mV. The negative value of the zeta potential was explained as the consequence of crosslinking reactions. The glutaraldehyde links with the amine groups of the gelatin by reaction of condensation, while the carboxylic acid groups remain in the native state and generate negative charges at the pH 7.4. At pH 8.5, the zeta potential was measured to be ζ = −30.1 ± 0.6 mV. Upon increasing the pH, the amine groups not involved with the condensation reaction deprotonate and, indirectly they become additional sources of negative charge.
In conclusion, at pH ≫ pI, the carboxylate and amine groups, according to pH strength, were ionised and generated negative charges distributed along the chains. The negative charges enhanced electrostatic anion-anion repulsions and caused an improved swelling capacity 27 .
At the pI, the zeta potential is about null and the microgels displayed a modest swelling 28, 29 . In fact, at this pH, the carboxylate anions and the amine groups not linked with the glutaraldehyde in the reaction of crosslinking are protonated, so that the microgels charge resulted almost null. Under acid conditions, at pH 4 (pH < pI), the zeta potential was measured to be ζ = −6.5 ± 0.3 mV as consequence of the partial protonation of the carboxylate anions and reduction of the anion-anion repulsion, which led to a remarkable decrease in swelling capacity. Figure 2b displays a cartoon that highlights the charges available inside the microgels at different pH values.
Following, the microgels at pH 7.4 and pI were suspended in NaCl solutions with concentrations ranging from 0 to 1 M (Fig. 2c) . The microgels stabilised at pH = pI augmented their size according to the ionic strength. Conversely, a divergent trend was recorded at pH > pI, where the microgels shrunk by increasing the ionic strength of the suspending solution. At pH 7.4, the shrinking of the microgels has been argued as a consequence of an anti-polyelectrolyte swelling behaviour. In suspension in low ionic strength media, the charges of the microgels presented a high level of attraction and led to the collapse of the network. The hypothesis could be that, with the addition of the ion salt, the attractive interactions inside the microgel were screened and the ionic bonds destroyed and replaced by the electrostatic interaction with the cations 29 . However, the salt ions hindered the molecules of water leading the shrinking of the microgels with the increase of the salt concentration in solution.
The isoionic microgel was able to capture either positive or negative ions through electrostatic interactions, with the addition of ion salt in solution. The charges distributed along the chains and inside the microgels increased; as a result, the free negative charges available on the chains of the protein were able to retain water while the microgels swelled.
As a consequence of the last phenomenon, the microgels underwent an anisotropic swelling along the two main directions (length and diameter) 30 . In fact, this anomalous behaviour of the microgels could be the consequence of network constrictions formed inside the protein structure, which reduced the capability of the microgels to grasp the water molecules and constrained the movement of the chains 31 .
The cyclic and repeatable response to external stimuli is an important aspect for the microgels in both drug loading and release mechanisms. To test this property, the same microgels were incubated in NaCl solution (0.5 M) and aqueous solution at pH 6.7, by turns. Figure 2d displays three cycles (labelled I, II, and III). Starting from the initial point, after the stabilisation of the microgels in saline solution, the diameter of the microgels remained almost unaltered. From the salt solution to water the diameter of the microgels rise from 80 μm to 110 μm. The incubation in water swollen the microgels, but at the same time reset the organisation of the polymeric chains that did not allow the particles to reach native size after each cycle.
In fact, during cycle II, it was observed that changing the environment from water to salt did not bring the microgels to the native size, whereas the recurring behaviour of the microgel properties was observed starting from the cycle II onward.
Uptake and release of drug-like molecules. An important application of microgels is in the field of nanomedicine, such as the uptake/release of molecules for effective therapies. Here, the spheroidal microgels were investigated for the uptake/release of Rhodamine B and MB, common payload-model molecules for drug delivery applications. These molecules are interesting models to investigate as they recently have been shown to selectively induce apoptosis in cancer cells 30, 31 . Furthermore, Rhodamine and MB have a positive charge and low molecular weight; therefore, they are perfect models for drugs 32 .
The microgels were incubated with Rhodamine B according to the conditions reported above and the analysis was carried out analysing both the microgels and supernatant. The release was carried at pH 7.4.
A micrograph of the microgels is displayed in Fig. 3a while Fig. 3b and c highlight the spatially resolved intensity profiles of the red fluorescence in the single particle. After the time of the incubation, the microgels emitted a uniform signal along both width and length, while the peaks of fluorescence were observed at the edges. During the time when the release was studied, the microgels were tracked and the spectrometer signal over time was recorded. Figure 3d shows that the intensity of fluorescence versus the time dropped with a linear trend from 250 A.U. down to 10 A.U.
During the same timeframe, the supernatant withdrawn from the tubes was examined. The curve of the emission of the supernatant is plotted versus the time and compared with the spectra of the fresh buffer and Rhodamine (0.1 mg/mL, 200 μM) (Fig. 3e ). In less than 30 h, the fluorescence signal dropped from 1325 A.U. to 100 A.U. The samples were analysed at the microscope as well. First, a calibration curve was determined to correlate the payload concentration to the emitted signal ( Fig. 3f) . Then, the supernatant samples were analysed ( Fig. 3g ). It was observed that after 30 h, the gelatin microgels had some residual content of Rhodamine (6 × 10 −8 mg/mL), which lead to conclude that in almost one day, the payload was delivered inside the surrounding environment. The release of Rhodamine was also studied at pH 6.7 to display that raising the pH of the suspending solution, the permeability of the microgels increased due to higher charge repulsion, thereby allowing the faster release of Rhodamine B from the microgels.
To mimic a gastric acid environment, the release of Rhodamine was analysed at pH 3.5. Table 1 reports the values of the released Rhodamine after 24 h and 40 h according to the pH. Under acid conditions, the mechanism of release resulted slower, due probably to a mechanism of negligible charge repulsion, which therefore keeps the payload inside. Table 1 summarizes the percentage of released Rhodamine under different environmental conditions according to the time.
In conclusion, the mechanism of release is also affected by the charge distribution and, as consequence, the drug release can be controlled by variations in pH or the medium's ionic strength. The pH-dependent behaviour makes the gelatin an interesting biomolecules for drug delivery. In fact, the gelatin microgels are excellent carriers for drugs, as they can protect the drugs from undesired interactions with gastric fluids and release them when they reach the target cells.
The mechanism of release of drugs was also mimicked with MB according to the protocol used with Rhodamine. In particular, drug release efficiency was investigated at pH 7.4. The concentration of the payload released over time is displayed in Fig. 4a (ESI Fig. 2) .
The MB released within the first 24 h of incubation brings the concentration of released Rhodamine to 0.50 μM; however, after 28 h, the concentration of MB released by the microgels reduced to 0.05 μM and reached a value of 2 × 10 −4 μM after about 40 hours. Comparing the value of Rhodamine and MB (each used with different initial concentrations) at physiological pH, the mechanism of release of MB was faster than for Rhodamine. In fact, the initially loaded concentrations of the molecules differed by one order of magnitude (200 μM versus 12 μM) while the payload concentrations in solution were 0.1 μM Rhodamine versus 2 × 10 −4 μM MB. However, Rhodamine molecules are bigger than MB ones, to date, the faster release of the latter can be a consequence of the diffusion mechanism inside the gelatin network. To understand the behaviour of the gelatin microgels in presence of negative and neutral dye molecules, fluorescein and indocyanine green release was examined at pH 7.4 and at pH = 6.7. The quantification of fluorescein payload released over time is displayed in Fig. 4b . The concentration of the released neutral payload resulted to be at least two-order-of-magnitudes lower than the MB one.
The Fluorescein molecules permeated the gelatin by diffusion; however, the mechanism of release is quite fast and it ended less than 7 h, when more than 98% of the payload was released 31 . The latter result confirmed that the Fluorescein permeating the network was not anchored to the chains, due to the absence of electrostatic interactions and of the ionic effects.
In contrast, it was impossible to detect a significant amount of uploaded and released Indocyanine Green (ESI Fig. 3) , the negative dye. The previous results lead to the conclusion that while the Fluorescein can diffuse inside the network of the gel, the molecules of Indocyanine Green are repelled by the electrostatic forces, having the same charge of the crosslinked gelatin. It worth mentioning that the Indocyanine Green molecules is double than Fluorescein ones, and, consequently, the mechanism of diffusion was also negligible and supporting the validity of the observed results.
In conclusion of this section, biodegradability and biocompatibility are essential properties for materials used in drug delivery. Microgels can be digested in a few hours in the presence of trypsin 21 .
Conclusions
The present work details an in-depth investigation and characterisation of natural microgels made from native, chemically stabilised proteins after preparation in a microfluidics environment.
In particular, an accurate analysis of the results showed that microgels have uniform size distribution while displaying anisotropic swelling. The microgels display different responses to environmental stimuli, e.g. swelling or shrinking under different conditions of pH and ionic strength. These properties were explained in light of the chain and charges available in the gelatin network.
Finally, using Rhodamine and MB as payload models, the uptake/release mechanisms were recorded in conditions that mimicked the release of a drug in humans. The combination of unique shape and response behaviour documented here suggest that these microgels could be used for tissue engineering. Furthermore, by controlling the microgels' shape (i.e. sphere, spheroid, or rod) one can control the direction of cell growth as well as drug delivery.
Finally, it worth concluding that the simplicity of microgel fabrication, which is a one-step process, makes the protocol easily scalable. 
